The mechanism of propranolol-inhibited sarcolemmal membrane lipid peroxidation was investigated by electron spin resonance spin-trapping technique using 5,5-dimethyl-1-pyrroline-Af-oxide (DMPO) and 2-methyl-2-nitrosopropane (MNP). Highly purified canine myocytic sarcolemma were peroxidized by a superoxidc-driven (from dihydroxyfumarate) and Fe 3+ -catalyzed free radical-generating system. Hydroxyl radicals (-OH), identified by electron spin resonance signals as DMPO-OH adducts, were generated in the aqueous phase. Propranolol up to 500 /tM did not effectively reduce the intensity of the DMPO-OH adducts. When the sarcolemma were incubated with MNP before the addition of free radicals, MNP adducts characteristic of carbon-centered radicals were produced. Pretreatment of the membranes with propranolol (3-100 /tM) decreased the intensity of the MNP adducts in a log concentrationdependent manner; the EC M is about 7 pM. D-and L-propranolol were found equally effective. When protein-depleted sarcolemmal lipids were similarly incubated with MNP and the free radical system, identical MNP adducts were observed; this finding suggests that the adducts were lipid-derived products arising from lipid peroxidation. Furthermore, their formation was also inhibited by propranolol pretreatment. Since propranolol is not an effective scavenger of oxygen radicals in the aqueous phase, the data suggest that the antiperoxidative effect of propranolol is due to its lipophilic interaction with the membrane and thus subsequent interruption of the free radical chain reactions.
P ropranolol binds with high affinity to /3adrenergic receptor sites and subsequently
blocks the catecholamine stimulation of adenylate cyclase. 1 -2 However, due to the amphiphilic nature of the agent, propranolol also binds to nonreceptor sites. Therefore, the biochemical properties of propranolol may extend beyond its pharmacological effect on the preceptors. Recently, by using isolated canine ventricular sarcolemmal membranes, we have studied the antioxidant effects of various ^-blocking agents. 3 We have found that propranolol, in micromolar concentration, was able to provide significant protection against free radicalmediated sarcolemmal membrane lipid peroxidation; however, the mechanism remains unclear. Since propranolol is both hydrophilic and lipophilic, it might function as a direct scavenger of the oxygenderived free radicals generated in the aqueous phase, or it might interact with the membrane hydrophobic components and subsequently affect the free radical chain reaction in the membrane. In an effort to distinguish the above two possible modes of action, we have used the electron spin resonance (ESR) spin-trapping technique and the relatively sitespecific spin traps 5,5-dimethyl-l-pyrroline-Af-oxide (DMPO) and 2-methyl-2-nitrosopropane (MNP) to monitor the free radical reactions in both the aqueous and membrane compartments. This report provides evidence that the mechanism of propranolol-inhibited sarcolemmal lipid peroxidation is due to its initial dmg-lipid interaction and the subsequent inhibition of the free radical propagation in the membrane.
Materials and Methods

Materials
Dihydroxyfumarate (DHF), ADP, FeCl 3 -6H 2 O, 2-thiobarbituric acid, and DL-(±)-propranolol were purchased from Sigma, St. Louis, Missouri. DMPO, MNP, D-(+)-propranolol and L-(-)-propranolol were obtained from Aldrich, Milwaukee, Wisconsin. DMPO was purified by activated charcoal 4 ; concentrated aqueous solutions of MNP were prepared by continuous stirring at 45° C in the dark for at least 2 hours. Highly enriched sarcolemmal membranes were prepared from adult canine myocytes by differential and sucrose density centrifugations as described previously. 5 In some experiments, the sarcolemmal membrane lipids, which contain greater than 85% phospholipids, were extracted from the membranes by the modified Folch procedure as described previously. 6 Sarcolemmal lipid vesicles were prepared by a procedure similar to that of Kamp and Wirtz. 7 Briefly, the dry lipids under nitrogen were vortexed and equilibrated in the buffer solution containing (mM) KC1 120, sucrose 50, and potassium phosphate 10, pH 7.2, for 30 minutes at room temperature. The resulting suspension in a round bottom tube, with one glass bead added, was then subjected to three pulses of 90-second sonication in a bath-type sonicator (model 450, E/MC, Fisher Scientific, Washington, DC). The final liposomal suspensions were clear, slightly milky, and free of paniculate material.
Incubation Procedure
Free oxygen-derived radicals were generated from auto-oxidation of DHF (0.33 mM) in the presence of FeCl 3 (6.25 /xM) chelated by ADP (62.5 JUM). 3 -8 Effects of propranolol on the membrane lipid peroxidation were assessed by preincubation of the sarcolemmal membranes (100 /xg protein/ml) with specified levels of propranolol for 10 minutes at 37° C in a reaction buffer of (mM) KC1 120, sucrose 50, and potassium phosphate 10, pH 7.2, before the addition of the free radical components. After 20 minutes of incubation, lipid peroxidation in the membranes, assayed as malondialdehyde (MDA) formation, was determined colorimetrically by the thiobarbiturate method as previously described. 8 
Spin-Trapping Experiments
For DMPO experiments, solutions of 90 mM DMPO in the above reaction buffer were exposed to the free radical generation system in the presence or absence of propranolol (10-500 fiM). Hydroxyl radical production was monitored by ESR spectroscopy after the final additions of DHF and Fe 3+ -ADP into the mixture, which had been preincubated for 10 minutes at 37° C. For MNP experiments, sarcolemmal membranes (100 )tig/ml) or sarcolemmal liposomal suspensions (0.15-0.20 /xmol Pi/ml) were incubated with the spin-trap MNP (17 mM) at 37° C for 5 minutes in the reaction buffer. Propranolol at different concentrations (0-100 jxM) was then introduced into the mixture. After 5 minutes of further incubation, the exogenous free radical components were added, and the mixture was then transferred to an aqueous flat cell for ESR examination.
All ESR measurements were determined at room temperature with an X-band spectrometer (model ER-100, Bruker Instrs, Billerica, Massachusetts) equipped with a 100 -KHz field modulation. Specific instrumental conditions are listed in the figure legends. The concentrations of the spin adducts were determined by double integration of the ESR signal and comparison with that of a standard solution of 3-carbamoyl-2,2,5,5-tetramethylpyrrolidin-l-yloxy (Aldrich). All hyperfine splitting constants were obtained from spectra simulated on an IBM PC/XT computer system using ESRSIM software.
Results
Antiperoxidative Effect of Propranolol
We have recently examined the effects of a few selected /3-blockers and class I antiarrhythmic agents on our model of sarcolemmal membrane injury mediated by free radicals. 3 The study indicated that all the /J-blockers possess various degrees of antiperoxidative activity with propranolol being the most potent agent. In the present study, the dosedependent inhibitory activity of propranolol on sarcolemmal lipid peroxidation was examined further. With chosen concentrations of the free radical components that gave optimal conditions for the following ESR experiments, incubation of the control samples for 20 minutes resulted in 15.1±1.3 nmol/ mg protein MDA formation (values are mean ± SD, n=4). Pretreatment of the samples with 10 juM propranolol resulted in a 37.8% inhibition of the measured MDA (9.4±1.5 nmol/mg protein, p<0.01 vs. controls). Propranolol at 30 and 100 /iM provided 52.3% and 79.5%, respectively, inhibition of the peroxidative product (both p<0.01 vs. controls). Additional experiments were performed that indicated that D-(+)-propranolol and L-(-^propranolol were equally effective in inhibiting the membrane lipid peroxidation. Since only the L-(-)-propranolol is the pharmacologically active enantiomer, the data suggest that there is little correlation between the /3-blocking activity of the agent and its antiperoxidative effect.
Lack of Effect of Propranolol on -OH Production
Spin trapping has been a useful approach to studies of free radical reactions in a biological environment. 9 -10 Recently, we have used the technique successfully to identify both oxygen-and carbon-centered free radical production in ischemic/ reperfused cardiac tissues. 11 -12 Thus, by using this technique, we sought to determine the potential interactions of propranolol with the free radicals generated in the aqueous phase and in the sarcolemmal membrane. Once in solution, DHF auto-oxidizes and produces a sustained level of superoxide anions (O 2~) , 13 -14 which then leads to the formation of H 2 O 2 and, in the presence of iron, the hydroxyl radical (•OH) through the iron-catalyzed Heiber-Weiss reaction. 15 Of these three reduced oxygen species, the hydroxyl radical is the most, reactive oxygenderived radical capable of initiating lipid peroxidation in biological membranes. 15 Therefore, we choose to monitor the production of -OH in our system as the endpoint that propranolol may affect. DMPO was used because of its relative high solubility in water and its ability to trap -OH with a fast trappingrate constant. 9 -10 As presented in Figure 1A the generation of -OH by the free radical system was identified by the major ESR signal distinctive of the DMPO-OHadducts (1:2:2:1 quartet, a N =a^H=14.9 G). Results in the previous section indicate that propranolol at 100 /xM produced a major inhibition (80%) of the membrane lipid peroxidation; therefore, the ability of propranolol at concentrations of 10-500 AIM to inhibit -OH formation was studied. However, as represented by Figure IB 
Production of Sarcolemmal Lipid Carbon-Centered Free Radicals and Inhibition by Propranolol
To examine the free radical event(s) occurring in the sarcolemmal membranes and the effect of propranolol, the spin-trap MNP was used because of its relatively high degree of hydrophobicity, which permits association with the membrane. 9 -10 In addition, carbon-centered radicals are readily trapped by MNP and converted to stable adducts with relatively definitive spectra. 9 -10 As presented in Figure 2A , when the sarcolemmal membranes were mixed with the free radical components, ESR spectrum of the samples revealed the trapping of a major carbon-centered adduct, which is consistent with the 12-line signals of a -CH 3 radical (labeled A, a N =17.4 G, a 0 "[3H]=14.37 G). When the incubation was repeated in the absence of the membranes, only the di-r-butyl nitroxide signal (labeled S, a N =17.2 G), which represents a decomposed impurity often encountered in experiments using MNP, 16 was observed. This confirmed that all the carboncentered radical adducts were derived from the sarcolemma. When the samples were pretreated with propranolol at concentrations as low as 10 /iM before the additions of the free radical system, all the MNP-adduct signals were greatly diminished ( Figure 2B) . The concentration-dependent effects of propranolol on the induced membrane MNP-adduct formation were further studied. The concentration of MNP carbon-centered adducts was measured by monitoring the signal intensity of the low-field line of the spectrum. The inhibition of the membranederived signal formation was shown to be linear to the log concentration of propranolol incubated in the system (Figure 3 ). At 30 /xM, propranolol inhibited more than 90% of the carbon^entered radical signals. From a series of three to four independent membrane preparations, the average concentration of propranolol required to achieve 50% inhibitory effect was estimated to be 6.7 p,M (Figure 3 ). In samples, if propranolol (10-100 /iM) was added after the addition of DHF and Fe-ADP, no consistent inhibition of the MNP carbon-centered signals was observed; this finding suggests that initial interaction of propranolol with the sarcolemma was necessary to provide the subsequent inhibition of the adduct formation. In additional experiments, it was found that both L-(-)-propranolol and D-(+)-propranolol were equipment (and identical to the DL-(±)-racemate) in inhibiting the induced MNPadduct formation. Therefore, there seemed to be no stereoseleetivity of the drug in mediating the observed effect.
In an effort to investigate further whether the propranolol-inhibitable formation of carbon-centered MNP adducts occurred in the lipid domain of the membrane, the following experiments were performed in which total lipids (>85% phospholipids) were extracted from the sarcolemmal membranes to prepare protein-free liposomal vesicles. When the lipid vesicles, with a lipid phosphorus concentration equivalent to that of the membrane system, were similarly incubated with MNP and the free radical generating system, ESR signals of the MNP adducts identical to Figure 2A were observed ( Figure 4A ). When the liposomal vesicles were pretreated with 10 /i.M propranolol, all the carboncentered radical signals decreased to <20% intensity of the correspondent controls ( Figure 4B ). The data strongly support that most of the carboncentered radical species were derived from the membrane phospholipids.
Discussion
We have used the spin-trapping technique to study the mechanism of propranolol-inhibited lipid peroxidation in a defined in vitro model system. This technique enabled the detection and monitoring of free radical generation in both the aqueous and membrane lipid compartments. Our results demonstrate that propranolol in the aqueous phase is not an effective scavenger of -OH. However, when the membranes were pretreated with propranolol, the membrane carbon-centered radicals, mainly methyl radicals, were diminished to an extent proportional to the level of propranolol present. Concomitantly, propranolol pretreatment also protected the membranes against free radical-induced lipid peroxidation. Since both effects were not found to bear any relation to the /3-blocking activity of the drug, it is unlikely that the observed effects were due to an interaction with the membrane /3-receptors.
The data from the liposomal vesicles seem to confirm the lipid origin of the carbon-centered radicals although the molecular events leading to the generation of the major MNP adduct, namely, the methyl MNP, remain to be determined. In studies to characterize free radicals produced in epidermal keratinocytes 17 and in isolated liver mitochondria 18 incubated with organic hydroperoxides, spin trapping with MNP also revealed the presence of MNP-CH 3 as the major free radical adduct. Presumably, during the process of lipid peroxidation, reaction between lipid hydroperoxide and Fe 2+ /Fe 3+ will produce alkoxyl radicals. 10 The alkoxyl radical thus formed is not stable and may undergo /J-scission reaction giving rise to various free radical intermediates including the methyl radical. 18 ' 19 Therefore, the methyl-MNP adducts may represent a lipidderived radical intermediate generated during the free radical chain reaction.
Propranolol is a small amphiphilic molecule. Studies using ESR and fluorescent probes have provided evidence that propranolol binds to the hydrophobic sites within a typical biological membrane. 20 Our sarcolemmal membranes are relatively enriched in phospholipids (approximately 2 jrniol phosphorus/ mg protein). 5 Presumably hydrophobic binding of propranolol to the sarcolemmal phospholipids interrupts the chain reaction of free radicals and diminishes the formation of the lipid-derived radical intermediates. Data from this report suggest that this interaction provides protection of the membrane against free radical-induced lipid peroxidation.
